Background-Supplementary immunisation activities with oral poliovirus vaccines (OPVs) are usually separated by 4 week intervals; however, shorter intervals have been used in securitycompromised areas and for rapid outbreak responses. We assessed the immunogenicity of monovalent type-1 oral poliovirus vaccine (mOPV1) given at shorter than usual intervals in Karachi, Pakistan.
(mOPV1-1 week), 2 weeks (mOPV1-2 weeks), or 4 weeks (mOPV1-4 weeks) between doses, or two doses of bivalent OPV (bOPV) with an interval of 4 weeks between doses (bOPV-4 weeks). We gave the first study dose of OPV at age 6 weeks. We did the randomisation with a centrally generated, computerised allocation sequence with blocks of 16; participants' families and study physicians could not feasibly be masked to the allocations. Trial participants were excluded from local supplementary immunisation activities during the study period. The primary outcome was non-inferiority (within a 20% margin) between groups in seroconversion to type-1 poliovirus. The primary and safety analyses were done in the per-protocol population of infants who received all three doses of vaccine. This trial is registered with ClinicalTrials.gov, number NCT01586572, and is closed to new participants. March 1, 2012 , and May 31, 2013, we enrolled 1009 newborn babies, and randomly assigned 829 (82%) to treatment. 554 (67%) of the 829 babies were included in the perprotocol analysis. Proportions of seroconversion to type-1 poliovirus were 107/135 (79%, 95% CI 72.4-86.1) with mOPV1-1 week, 108/135 (80%, 73.2-86.8) with mOPV1-2 weeks, 129/148 (87%, 80.9-92.0) with mOPV1-4 weeks, and 107/136 (79%, 71.8-85.6) with bOPV-4 weeks. Non-inferiority was shown between groups and no significant differences were noted. Ten participants died during the trial. Seven of these deaths occurred during the lead-in period before randomisation (two from diarrhoea, five from unknown causes). Three infants died from sepsis after random assignment. No deaths were attributed to the procedures or vaccines. Additionally, we noted no events of vaccine-associated paralysis.
Findings-Between

Introduction
Since 1988, when the World Health Assembly endorsed the eradication of poliomyelitis, 1 substantial progress toward this goal has been made through implementation of the main strategies of the Global Polio Eradication Initiative. These strategies focus on high-quality supplemental immunisation activities that target children from birth to age 5 years with oral poliovirus vaccines (OPVs), and maintaining a sensitive system of acute flaccid paralysis surveillance. The number of people paralysed by poliovirus infection decreased to its lowest level in history in 2012-only 223 cases of paralytic disease caused by wild poliovirus were reported worldwide in this year. 2 However, three countries (Afghanistan, Nigeria, and Pakistan) with uninterrupted circulation of polioviruses continue to be the source of spread to other countries, threatening the goal of global eradication. In 2013, outbreaks of poliomyelitis caused by wild polioviruses transmitted from endemic countries into previously polio-free countries were detected in the Horn of Africa and in the Middle East. 2 were identified in November, 2012. Type-3 wild polio virus might also therefore have been eliminated; however, more time without detection of the type-3 virus is needed for certification of eradication status. In 2013, all cases of poliomyelitis caused by wild polioviruses were due to type 1. 4 In Pakistan, as elsewhere, the polio eradication programme strives to interrupt the circulation of polio-viruses by achieving high population coverage with OPVs through routine immunisation and supplemental immunisation activities. The supplemental activities in areas of high transmission risk are frequent, usually done every 1 or 2 months; additionally, national rounds of supplemental immunisation activities cover the entire country, usually done two to three times per year. In the tribal areas in northwest Pakistan, armed conflict poses an obstacle to interrupting poliovirus transmission. 5 In 2012 and 2013, several attacks targeting polio-vaccination teams during supplemental immunisation activities resulted in deaths of health workers and security officials guarding health workers, and led to decreased coverage or cancellation of some planned rounds of immunisation in these areas. In 2013, nearly 90% of cases of paralytic polio were detected from securitychallenged areas of Pakistan, such as the Federally Administered Tribal Areas, and parts of Khyber Pakhtunkhwa Province. 2 Because of the continued threat to eradication posed by the international spread of wild polioviruses, on May 5, 2014, WHO declared the international spread of wild poliovirus a Public Health Emergency of International Concern. 6 The OPVs used in poliovirus eradication are either trivalent (tOPV), which provide protection against all three poliovirus serotypes; bivalent OPV (bOPV), which protect against types 1 and 3; or monovalent OPV (mOPV1), which protect against type 1. 7 The selection of OPV type for supplemental immunisation activities is driven by epidemiology and availability of the vaccine. All types of vaccine have been used in immunisation activities done in Pakistan. However, because type-3 wild poliovirus seems to be on the verge of eradication, mOPV1 will become even more important to achieve eradication of type-1 poliovirus.
Supplemental immunisations in geographical areas harbouring infection are typically separated by a 1 month interval. This interval between OPV doses is based on the interval of 4 weeks between tOPV doses used in routine immunisation schedules in most developing countries. [8] [9] [10] [11] [12] The 4 week interval in routine immunisation schedules provides the optimum immune response to tOPV and also coincides with the schedule for the diphtheria, tetanus, and pertussis vaccine in childhood. However, shorter-interval rounds, referred to as shortinterval additional doses (SIAD), with OPV have been done in Somalia and Pakistan, and elsewhere, with the aim of rapidly increasing immunity in populations in outbreak situations, or as a means to rapidly immunise populations living in areas with little access to vaccines because of social or political insecurity. Unpublished data from WHO's polio teams show that SIADs have led to fast interruption of poliovirus trans mission in areas where they have been used, and might thus be an attractive strategy for accelerating interruption efforts against the circulation of type-1 poliovirus in 2015. However, very few data exist for immuno genicity of OPV given in shorter intervals. We therefore aimed to assess the non-inferiority of two doses of mOPV1 given at shorter intervals (7 or 14 days), compared with two doses of mOPV1 or bivalent OPV1 and 3 given at the standard 30 day (4 week) interval, in achievement of seroconversion to type-1 poliovirus.
Methods
Study design and participants
We did a multicentre, randomised, controlled, four-arm, open-label, non-inferiority trial at five primary health-care centres in Karachi, Pakistan. The study area consisted of five lowincome communities in and around Karachi (including contiguous coastal villages at the outskirts of Karachi, and one urban squatter-settlement with Pashtun predominance). The participating centres are operated by the Department of Paediatrics and Child Health Research Programme of the Aga Khan University and provide free primary health-care services to children from these communities (appendix). The study was approved by the Ethical Review Committee of Aga Khan University (Karachi, Pakistan), the National Bioethics Committee of Pakistan, and the Ethical Review Committee of WHO, Geneva (Switzerland).
To recruit participants, health-centre staff approached women at home either during their pregnancy or immediately after delivery, informed them about the trial, and invited them to enrol their child into the trial. Eligible participants were healthy newborn babies with a birthweight of at least 2.5 kg, for whom informed, written consent was provided by their parent or guardian, and lived less than 30 km from the study clinic, and whose family did not intend to move during the study period. Newborn babies who had any clinical sign of illness established with the WHO Integrated Management of Neonatal and Childhood Illness and needed to be admitted to hospital, or were at risk of immunodeficiency (through a family history screen), were excluded from the trial. Additionally, trial participants were excluded from local supplemental immunisation activities during the study period through close coordination with officials from local polio-immunisation campaigns.
Randomisation and masking
Study physicians at each site enrolled infants at birth to the trial. Infants meeting inclusion criteria at age 6 weeks were randomly assigned to one of four treatment groups: two doses of mOPV1 given 1 week apart (mOPV1-1 week), two doses of mOPV1 given 2 weeks apart (mOPV1-2 weeks), two doses of mOPV1 given 4 weeks apart (mOPV1-4 weeks), or bOPV given 4 weeks apart (bOPV-4 weeks). We did the random assignment using a randomisation sequence list generated by the Clinical Trials Unit at Aga Khan University. We did the computerised block randomisation with blocks of 16 and no restrictions. The study physicians opened the envelope containing information about treatment assignment when the infants were aged 6 weeks, and accordingly assigned participants to the study group. The families of the study participants, and the study physicians, could not feasibly be masked to allocation groups.
Procedures
At birth, we obtained umbilical cord or peripheral blood and gave tOPV to all trial participants, as per Pakistan's national immunisation programme. 13 At age 42 days (6 weeks), we collected a second blood sample, and gave the first study dose of OPV according to the random assignment. We obtained a third blood sample on day 30 after the last dose of OPV. Thus, the last blood sample was collected at age 79 days in group mOPV1-1 week, 86 days in group mOPV1-2 weeks, and 102 days in groups mOPV1-4 weeks and bOPV-4 weeks.
We used OPV from WHO-prequalified producers: mOPV1 from GlaxoSmithKline, tOPV from Sanofi Pasteur, and bOPV from Novartis. The tOPV contained at least 1 million of the 50% tissue culture infective dose (TCID 50 ) of Sabin-strain type-1 poliovirus, at least 100 000 TCID 50 of Sabin-strain type-2 poliovirus, and at least 1 × 10 5.8 TCID 50 of Sabin-strain type-3 poliovirus. The mOPV1 contained at least 1 million TCID 50 of Sabin-strain type-1 poliovirus. The bOPV contained at least 1 million 50% cell culture infective dose (CCID 50 ) of Sabin strain type-1 poliovirus and 1 × 10 5.8 CCID 50 of type-3 Sabin poliovirus. The blood specimens obtained at the sites were allowed to clot and centrifuged to separate the serum. We transported the serum samples to the Infectious Disease Research Laboratory at the Aga Khan University, where they were stored at −20°C until being shipped to the Centers for Disease Control and Prevention (Atlanta, GA, USA), and tested for the presence of poliovirus-neutralising antibodies with standard neutralisation assays. 14 
Outcomes
The primary outcome was non-inferiority (within a 20% margin) between groups in seroconversion to type-1 poliovirus after participants received all three vaccine doses in each treatment group.
Secondary endpoints were seroprevalence with median reciprocal titres in each group, seroconversion after two study doses of OPV in per-protocol infants who did not seroconvert after birth OPV, vaccine safety, and factors associated with low or no seroconversion to type-1 poliovirus after birth OPV and two doses of study OPV in perprotocol infants.
Per-protocol status was defined as infants who completed all the scheduled visits within 2 days of the expected dates, provided three blood samples, and did not receive OPV other than the study doses. We also did an intention-to-treat analysis.
Seropositivity was defined as reciprocal titres of poliovirus-neutralising antibodies of more than 8. Seroconversion was defined as a change from seronegative to seropositive in infants without detectable maternal anti bodies at birth, or as an increase in titres by at least four times more than the expected value, and an assumption of negative exponential decay of maternal antibody titres with a half-life of 28 days. A high concentration of maternal antibodies was defined as a titre of at least 64 at birth. 15, 16 Interval-seroconversion was defined as seroconversion achieved by the end of the two study doses of OPV given at short or standard intervals to per-protocol infants who did not seroconvert after the birth dose. Adverse events were identified by site investigators and reviewed by the principal investigator. Serious adverse events (any deaths or occurrences of vaccine-associated paralysis) were reported and reviewed by a data and safety monitoring board and by ethical review committees based in Geneva, Switzerland, and Karachi, Pakistan.
Statistical analysis
We estimated a sample size of 139 eligible infants per group at 80% power and α was set at 0.05 to detect differences of no more than 20% in seroconversion between standard and short-interval groups. We assumed that around 20% of participants would drop out between enrolment at birth and randomisation at 6 weeks (with a long lead-time in between), and an additional 30% attrition or non-per-protocol status after randomisation; therefore we set a target to enrol a minimum of 1000 infants at birth to have a sufficient number of infants in the primary, per-protocol analysis. We did the statistical analyses with Stata version 12. We used one way ANOVA-Tukey's multiple comparison test to compare the proportions of seroconversion and median titres with 95% CIs across short versus long intervals between groups in the per-protocol population. We tested univariate analyses of factors associated with no seroconversion with binary logistic regression (SPSS version 19). We considered variables with a p value less than 0.25 in the univariate for inclusion in the multivariable logistic regression. We used a parsimonious model-building strategy to select variables with significance on multivariable analysis. The trial protocol was registered at ClinicalTrials.gov, number NCT01586572.
Role of the funding source
The funder of the study assisted in study design, trial monitoring, and contributed to writing of the report, but had no role in data collection, data analysis, or data interpretation. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results
Between March 1, 2012, and May 31, 2013, we enrolled 1009 newborn babies, and randomly assigned 829 (82%) to treatment. 554 (67%) of the 829 babies were included in the per-protocol analysis (figure 1). Most infants (597/829; 72%) received the birth dose of tOPV within first 24 h of life; the remaining infants received tOPV within 72 h of birth (table 1) . Baseline characteristics did not differ between groups (table 1).
For the primary outcome of seroconversion to type-1 poliovirus at the end of the study in per-protocol infants (figure 2) receiving the birth dose of OPV and two additional doses of OPV given at short or standard intervals, no significant differences were noted between groups: 107/135 (79%, 95% CI 72.4-86.1) with mOPV1-1 week, 108/135 (80%, 73.2-86.8) with mOPV1-2 weeks, 129/148 (87%, 80.9-92.0) with mOPV1-4 weeks, and 107/136 (79%, 71.8-85.6) with bOPV-4 weeks. Non-inferiority of short-interval dosing was thus shown. High proportions of seroconversion to type-2 poliovirus were also noted, although only the birth dose contained vaccine against type-2 poliovirus.
Baseline seroprevalence (ie, concentrations of maternal antibodies) did not differ between groups and was more than 90% for types 1 and 2 and more than 70% for type 3 (table 2) . Final seroprevalence achieved after three doses of OPV doses for types 1 and 2 did not differ between groups, and was more than 95% for serotype 1, and more than 75% for serotype 2. Final seroprevalence for serotype 3 was significantly higher in the bOPV-4 weeks group than in the other groups, as expected, because infants in the mOPV1 groups did not receive the type-3 vaccine after the birth dose.
The immunological response to tOPV given at birth, measured at 42 days, was 171/554 (31%, 95% CI 27. Seroconversion achieved by two doses of mOPV1 or bOPV given at short or standard intervals was also assessed in per-protocol infants who did not seroconvert after the birth dose ( figure 3) . No significant differences were noted for interval-seroconversion for type-1 poliovirus between groups. For type 2, the interval-sero-conversion was significantly higher for bOPV-4 weeks than mOPV1-1 week (p=0.001) and mOPV1-2 weeks (p=0.013). For type 3, interval-seroconversion was significantly higher for bOPV-4 weeks than all other groups (p<0.0001 for all; figure 3 ).
No significant differences were noted between median titres of neutralising antibodies in all groups and all visits except for serotype 3 for which, as expected, it was significantly higher with bOPV-4 weeks at completion of the trial (table 2). In the intention-to-treat analysis, no significant differences were noted between groups for seroconversion of type-1 poliovirus (appendix), as in the per-protocol analysis. However, the significant difference noted in the per-protocol analysis between mOPV1-1 week and bOPV-4 weeks for seroprevalence of type-1 poliovirus at completion of the study was no longer seen in the intention-to-treat analysis (appendix).
No differences for type-1 immunogenicity were noted between groups; therefore we did the multivariable analysis for all study groups combined. High con centrations of maternal antibodies were a risk factor for low seroconversion against type-1 poliovirus at study completion (table 3) . Other predictors significantly associated with risk of low seroconversion for type-1 poliovirus in the multivariable analysis were receiving OPV in warmer months (between March and October) and having diarrhoeal disease soon before receiving at least one dose of OPV.
Ten infants died during the study. Seven of these deaths occurred during the trial lead-in period before randomisation (two from diarrhoea, five from unknown causes). Three infants died from sepsis after random assignment. No deaths were attributed to the study procedures by the principal investigator or the safety and monitoring board. Additionally, no vaccineassociated paralysis was noted.
Discussion
Our data suggest that the proportion of infants with seroconversion to type-1 poliovirus and immune response after two doses of mOPV1 given at an interval of 7 or 14 days is noninferior to two doses of mOPV1 given 30 days apart (panel). These findings lend support to the rationale for the expansion of short-interval immunisation campaigns as an eradication strategy in high-risk areas with short periods of access to vaccines or where rapid outbreak responses are needed. The data further suggest that, for type-1 poliovirus, the seroconversion and seroprevalence achieved with bOPV with a 30 day interval (79% and 93%) might be slightly lower than with mOPV1 with a 30 day interval (87% and 97%) in the population of Pakistan, although neither differences were significant. This finding might have implications for immunisation programmes to preferentially use mOPV1 rather than bOPV in supplemental immunisation activities in Pakistan, especially because no cases resulting from type 3 wild poliovirus have been identified in Pakistan or Afghanistan since April, 2012.
Interval-seroconversion for type-2 poliovirus in infants who did not seroconvert after the birth dose of tOPV was high in those who received bOPV study doses (38%), although they received no further doses of type 2 vaccine. This high level of conversion might be attributable to a combination of three factors: priming with the birth dose of tOPV, environmental exposure to type 2 OPV from community recipients of tOPV with longer exposure time in the standard-interval groups, and potential cross-reactivity with the type-1 and type-3 polioviruses contained in bOPV. 19, 20 Further studies will be needed to quantify the effect of bOPV on potentiating a serotype-2 response. This response will be an important factor to consider in the worldwide switch from tOPV to bOPV in routine immunisation planned for April, 2016. 21 Similarly, the non-significant increase in seroconversion with mOPV1-4 weeks compared with the shorter-interval groups is probably due to environ mental exposure to type-1 vaccine-derived virus rather than a higher immunogenicity with the 30 day schedule.
A high proportion of infants were protected by maternal antibodies against all three poliovirus serotypes at birth. This finding suggests high levels of protection against polioviruses in women in the study areas of Karachi. High concentrations of maternal antibodies (defined as titres higher than 1/64) 16, 22, 23 were a risk factor for seroconversion after giving OPV; this finding is in agreement with previous studies describing the neutralising capability of maternal antibodies on OPVs. [24] [25] [26] Significantly fewer children vaccinated in hotter months (March to October) had seroconversion than those vaccinated between November and February. Other reports 27-29 have also described lower immunogenicity of OPVs in warmer months, which coincides with the season of high enterovirus transmission. The presence of other enteroviruses might therefore interfere with the poliovirus immune-response, and this possibility needs to be studied further. Crowding (ie, more than eight people in one household) was also associated with lower seroconversion. 30 This finding is probably a surrogate for poor sanitation and hygiene, and exposure to enteroviral infections in household contacts. 22 Diarrhoeal disease before vaccination was also associated with an increased risk of non-seroconversion; this finding has also been reported previously. [31] [32] [33] [34] Our investigation had several limitations. Of the randomly assigned infants, 33% did not finish the study or finished the study not per protocol; these include 29 enrolled infants who received a dose of OPV in a round of supplemental immunisation activities during the study period and were therefore excluded from the analysis. We had very tight definitions for time windows that were judged as per protocol (within 2 days of the target day); 121 infants (22%) were excluded because they were vaccinated outside this window. The most common reason for missing a visit was the child's illness. Because of the long lead-in period, 19% of newborn babies enrolled at birth were lost to follow-up before randomisation could occur at age 42 days; in other cases, parents changed their minds about their child's participation (115/829; 14%). Analysis of baseline data showed no significant differences between children who finished all study procedures per protocol and children who did not. Two factors that might have positively affected interval-seroconversion estimates in participants were priming [35] [36] [37] [38] in those who did not respond to the birth dose of tOPV, and exposure to vaccine-derived viruses from close contacts who received OPV during the study period from supplemental immunisation activities or routine immunisation. 39-41 Generalisability of findings on short-interval dosing might be restricted to geographical areas with similar exposure to background use of OPV.
Our data show that the proportion of infants with serconversion and immunogenicity from mOPV1 given in shorter intervals (1-2 weeks) is non-inferior to vaccine doses given 30 days apart. Application of the SIAD strategy with mOPV1 can be useful to rapidly strengthen population immunity to control outbreaks, quickly reduce the circulation of virus from importations, or accelerate eradication of polioviruses. The short-interval strategy could be especially beneficial when temporary windows of opportunity for safe access can be granted in areas of conflict-eg, during cease-fire periods. In such situations, we recommend shortening the interval between doses of OPV to 7 days. Additionally, SIAD campaigns might have the highest chance of interrupting circulation of the virus during the winter months because of the higher immunogenicity noted with OPV in colder weather.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
Panel: Research in context
Systematic review
We did a literature review of available English-language, peer-reviewed data on immunogenicity of oral poliovirus vaccines (OPV) in different settings and in different age groups with the search terms "immunogenicity", "oral poliovirus vaccines", "children", "adults", and "developing countries" using the PubMed database. We also reviewed unpublished reports from the Polio Eradication Initiative in Pakistan and elsewhere about data from the programme on use of OPV in short intervals. We identified around 90 publications from our search, of which two directly examined shortinterval administration of oral poliovirus vaccines. 17 
Interpretation
To our knowledge, ours is the first randomised, clinical trial to generate data about the use of OPV with short-interval dosing. The results have been shared with the Polio Eradication Initiative and provided the basis for making strategic decisions to do shortinterval campaigns with OPV in several countries. We are aware of a similar study assessing giving bivalent OPV in shorter intervals; the results from both studies will provide new data about the novel use of OPV to accelerate the eradication of polioviruses. Data from per-protocol population who did not show seroconversion after being vaccinated at birth.mOPV1=monovalent oral polio vaccine type 1. bOPV(1and 3) =bivalent oral polio vaccine type 1 and 3. *p=0.001 for mOPV1-1 week vs bOPV1 and 3-4 weeks. †p=0.013 for mOPV1-2 weeks vs bOPV1 and 3-4 weeks. ‡p<0.0001 for mOPV1-1 week, mOPV1-2 weeks, and mOPV1-4 weeks vs bOPV1 and 3-4 weeks. Seroprevalence of poliovirus antibodies in per-protocol infants (n=554) Data are n/N (%) for proportion of infants with seroprevalence, and median (IQRs) and 95% CIs for reciprocal titres in these infants. mOPV1=monovalent oral polio vaccine type 1. bOPV1 and 3=bivalent OPV type 1 and 3. mOPV1-1 week=1 week interval between two doses of mOPV1. mOPV1-2 weeks=2 week interval between two doses of mOPV1. mOPV1-4 weeks=4 week interval between two doses of mOPV1. bOPV1 and 3-4 weeks=4 week interval between two doses of bOPV1 and 3.
Mir et al. Data assessed for type-1 poliovirus after three doses of oral polio vaccine (given at birth and two further study doses) in the per-protocol population (N=554). OR=odds ratio. OPV=oral polio vaccine. mOPV=monovalent oral polio vaccine. bOPV=bivalent oral polio vaccine.
* Study vaccine doses excluding birth trivalent dose. † March to October. ‡ Excluding birth trivalent OPV.
